We have isolated a new sterile uncoordinated C. elegans mutant, stu-7, which is defective in post-embryonic cell divisions in a regionally-specific fashion. The anterior of the worm is relatively unaffected whereas the mid-body and/or posterior are markedly thin, often resulting in worms having a central 'waist'. We have cloned stu-7 and found that it encodes a member of the recently expanding aurora sub-family of serine/threonine kinases. Elimination of maternal as well as zygotic stu-7 expression reveals that stu-7 is essential for mitosis from the first embryonic cell cycle onwards and is required for chromosome segregation though not for centrosome separation or for setting up a bipolar spindle. Multicopy expression of stu-7 also causes mitotic defects, suggesting that the level of this protein must be tightly controlled in order to maintain genetic stability during development.
Introduction
During the development of a multicellular organism, the correct number of cells have to be specified in the required position at the right time. Therefore, one of the most important processes which the developmental programme must control is the cell cycle. In each cell cycle, chromosomes must be replicated precisely once during S phase and then segregated into two equal components during M phase, or mitosis. High-fidelity chromosome segregation during cellcycle progression is an absolute requirement for genetic stability. The failure of chromosomes to segregate properly during the development of multicellular organisms may not just cause localized cell death but can also lead to changes in ploidy, with far reaching consequences for the organism in terms of development and tumourigenesis. Indeed, genetic changes such as aneuploidy are commonly associated with cancer cells (Hartwell and Kastan, 1994; Mitelman et al., 1997) . For this reason it is important to develop multicellular genetic systems in which mechanisms of cell-division control during development can be analysed.
The nematode Caenorhabditis elegans provides a particularly appropriate model because mutants defective in various aspects of cell division can be sought and analysed by powerful genetic techniques. The near completion of the C. elegans sequencing project makes the positional cloning of genes rapid and also raises the possibility of doing reverse genetics on a large scale (Hodgkin and Herman, 1998) .
A number of mutants defective in aspects of cell division in C. elegans have been previously described, although very few of these have been cloned so far. The mutants fall into two main phenotypic classes. The first class of mutants are those which have an embryonic lethal (Emb) phenotype (Hirsh and Vanderslice, 1976; Miwa et al., 1980; Cassada et al., 1981; Kemphues et al., 1988) and the second class includes those which are defective in post-embryonic cell divisions (Horvitz and Sulston, 1980) . Mutants in this class, for example lin-5 and lin-6, usually have a sterile and uncoordinated (Stu) phenotype because of the failure of essential post-embryonic cell divisions in the germ line and ventral cord (Horvitz and Sulston, 1980; Sulston and Horvitz, 1981) . The most likely explanation for the specific defect in post-embryonic cell cycles in this large class of mutants is that maternal gene expression from heterozygous mothers is sufficient for most of embryogenesis in their homozygous mutant progeny but not for post-embryonic divisions. The possibility has not been ruled out, however, that postembryonic cell cycles might be subject to different control mechanisms from those of embryonic cell cycles.
The most recent screen for cell division mutants in C. elegans has focussed on temperature-sensitive mutants of both phenotypic classes and has produced 19 complementation groups exhibiting a variety of cell cycle defects including several with defects in chromosome segregation (O'Connell et al., 1998) . These new cell cycle mutants will form a firm basis for future analysis.
In this paper, we describe the phenotype and molecular characterization of a new sterile uncoordinated mutant, stu-7. This mutant is unusual in that post-embryonic division failures do not appear to be uniform throughout the body of the animal but display a positional element: post-embryonic divisions in the anterior region of the worm are relatively unaffected but such divisions are largely absent or defective in the mid-body and posterior end of the animal, resulting in mutant worms with an unusual morphology. We demonstrate that the gene encoding stu-7 is a member of the emerging aurora sub-family of serine/threonine kinases. The original aurora mutation was described as a sterile mutation in Drosophila where the gene was shown to be required for centrosome separation (Glover et al., 1995) . A similar gene, ipl1 was described in yeast (Francisco et al., 1994) , and recently several members of this emerging kinase subfamily have been discovered in mammals (Gopalan et al., 1997; Kimura et al., 1997; Sen et al., 1997; Yanai et al., 1997; Bischoff et al., 1998; Shindo et al., 1998; Terada et al., 1998) and Xenopus (Roghi et al., 1998) , and roles in chromosome segregation and centrosome separation have been postulated. Significantly, it has recently been reported that human aurora2, the closest relative of stu-7, is oncogenic. aurora2 is amplified in colorectal as well as breast cancers (Sen et al., 1997; Bischoff et al., 1998) and is capable of transforming rodent fibroblasts (Bischoff et al., 1998) . This underlines the importance of accurate high-fidelity chromosome segregation, because the loss of this fidelity can be oncogenic.
From the now virtually complete C. elegans genome sequence there are known to be two aurora homologues in the worm, including stu-7. The other gene, air-1 (aurora and ipl1 related gene), has very recently been described as being important for centrosome function in C. elegans in reverse genetic experiments (Schumacher et al., 1998) . We will therefore hereafter refer to the gene described in this report as stu-7/air-2. In the future it will probably be convenient to refer to this gene simply as air-2.
We have used RNA interference (RNAi) to show that elimination of both maternal and zygotic stu-7/air-2 expression results in embryonic lethality. This demonstrates that stu-7/air-2 is essential for embryonic as well as postembryonic cell division and supports the hypothesis that the post-embryonic nature of the defects in stu-7/air-2 mutant animals is due to maternal gene expression being sufficient for embryonic but not post-embryonic development. By observing early embryonic cell cycles in live stu-7/air-2 (RNAi) embryos we demonstrate that embryonic development arrests during the first cell cycle due to incomplete chromosome segregation. The centrosome cycle appears to be unaffected.
Overexpression of stu-7/air-2 also causes defects in mitosis, suggesting that stringent control of stu-7/air-2 expression is important for progression through nuclear division. Taken together, our data suggest that stu-7/air-2 is a bona fide member of the aurora family of serine/threonine kinases and is essential for mitosis in C. elegans during embryonic as well as post-embryonic development. We suggest that members of this kinase sub-family may be broadly separated into two groups with distinct, but related mitotic roles. Some members of this family, for example Drosophila aurora (Glover et al., 1995) and air-1 (Schumacher et al., 1998) , appear to specialize in centrosome function whereas others, like stu-7/air-2 (this report) and ipl1 (Francisco et al., 1994) are important for later aspects of spindle function and chromosome segregation.
Results

stu-71air-2 mutants are defective in post-embryonic cell divisions
The stu-7/air-2 (e2631) mutant was isolated during an EMS mutagenesis screen for C. elegans mutants with unusual morphology. Most animals are thin in the mid-body or posterior end but have a normal anterior diameter (Fig. 1) . Some animals exhibit exaggerated thinning in the midbody, resulting in the worm having a 'waist', and the animals often coil around this thin area. e2631 mutants are also severely uncoordinated (Unc), especially for posterior movement. Most mutant worms are vulvaless (Vul phenotype) although occasionally a very abnormal vulva is present which protrudes from the body (Pvl phenotype). In addition, e2631 animals are often noticeably longer than wild type (up to 10% longer at maturity). Males homozygous for e2631 are extremely thin and constipated and often die during late larval development (data not shown). The constipation is likely to be caused by incomplete development of the cloaca. There appears to be no tail development in these males, a process which requires extensive postembryonic cell division (Sulston and Horvitz, 1977) .
All e2631 hermaphrodites are completely sterile and never produce any eggs. The gonad has the characteristic clear appearance of sterile animals ( Fig. 1) . By DAPI staining, the extent of germ line failure in e2631 mutants becomes apparent. The germ line phenotype is variable, ranging from the almost complete absence of any recognizable germ line cells or somatic gonad in around 50% of animals studied, to the development of one or other gonad arm (or both) up to about 1/4 the length of a wild type gonad in other cases (Fig. 1) . In addition, germ line nuclei can be seen which appear to be arrested in mitosis with an anaphase-like chromosome conformation, suggesting a defect in some aspect of mitosis.
The relationship between post-embryonic cell division defects in Stu mutants and the appearance of ventral cord nuclei by DAPI staining is well established (O'Connell et al., 1998) . In order to investigate more closely the regional differences in post-embryonic division failures in stu-7/air-2 worms, we therefore looked, by DAPI staining, at ventral cord nuclei in different body regions (Fig. 2) . In wild type adults, a row of ventral cord nuclei can be seen running longitudinally along the ventral mid-line These nuclei are of a uniform size and intensity and are present throughout the length of the body (Fig. 2, top panel) . In stu-7/air-2 (e2631) mutants, however, relatively normal nuclei can be seen in the anterior region of the animal close to the head, but very few nuclei are visible in the mid-body and posterior end. Although the anterior ventral cord nuclei of e2631 mutant worms look relatively normal when compared with those more posterior, we cannot exclude the possibility that there may be some abnormalities compared to wild type. It is very clear though, that the anterior of these worms is much less affected than the mid body and posterior segments, and that the abnormalities seen by DAPI staining reflect the morphology of the mutants described in Fig. 1 . In addition to the decreased number of ventral cord nuclei in the mid body and posterior regions of stu-7/air-2 mutants, these nuclei also look very abnormal, often being highly polyploid (Fig. 2, middle panel) . In comparison, ventral cord nuclei of lin-5 animals (a cell-division cycle mutant which is more uniformly thin and Unc (Albertson et al., 1978) ) arc more uniformly absent, or abnormal, throughout the length of the animal (Fig. 2, bottom panel) . Increases in the ploidy of a cell such as that seen in stu-7/air-2 and lin-5 mutants may be a reflection of an inability to complete mitosis and has been noted in several of the mitotic mutants of Schizosaccharomyces pombe (Creanor and Mitchison, 1990) and Drosophila (Freeman et al., 1986) . DNA replication cycles continue in the absence of proper chromosome segregation even though mitosis has clearly been initiated, giving rise to single, highly polyploid nuclei, or to cells with unequal, partly divided nuclear fragments.
stu-7/air-2 encodes a new member of the aurora subfamily of serine/threonine kinases
The stu-7/air-2 (e2631) mutation is fully recessive and maps to the central gene cluster region of chromosome I, between the markers dpy-5 and unc-13 and close to mab-2 (Fig. 3A) . We tested cosmids in this region and found that cosmid C32E7 rescues the stu-7/air-2 phenotype when present in transgenic worms as an extrachromosomal array (Fig. 3B) . A minimal rescuing fragment consisting of a 3.3 kb genomic fragment containing a single ORF was subsequently identified by sub-cloning C32E7.
The deduced amino acid sequence and genomic structure of stu-7/air-2 is shown in Fig. 4 . The stu-7/air-2 gene encodes a predicted 329 amino acid polypeptide with a predicted molecular weight of 38 kDa. The C-terminal catalytic domain, which extends between amino acids 51 and 304, contains all the 11 sub-domains characteristic of a serine/threonine kinase (Hanks and Hunter, 1995) . The stu-7/air-2 predicted protein also contains some potential phosphorylation motifs including a p34 cdc2 consensus phosphorylation site (Nigg, 1991) in the N-terminal portion.
The homology between this protein kinase and members of the aurora sub-family of serine/threonine kinases is shown in Fig. 4A . The closest homologue in the database is human aurora2 which is 64% identical to stu-7/air-2 across the whole catalytic domain by BLAST analysis, P = 4.2e-115; however, homology to all other members of the aurora sub-family is also very high. One other aurora kinase homologue is present in the sequenced C. elegans genome (K07C11.2, DDBJ/EMBL/GenBank accession no. U53336, 57% identity). No mutation in this gene, known as air-1, has so far been described but RNAi experiments suggest that air-1 is important for centrosome function in C. elegans (Schumacher et al., 1998) , as discussed above. In addition to the sequences presented in the alignment in Fig.  4 , there are other new members of this sub-family in diverse organisms. Several of these have appeared in recent sequencing projects. There is one other human homolgue, aurora1 (Bischoff et al., 1998) , also known as ark2, (Shindo et al., 1998) , accession no. AF008552, 58% identity, two mouse members (IAK1 (Gopalan et al., 1997 ) /ayk1 (Yanai et al., 1997 ) /ark2 (Shindo et al., 1998) accession no. AF007817 and stk-1 (Niwa et al., 1996) /ark2 (Shindo et al., 1998) , U69107, both sharing 62% identity with stu-7/air-2), two Xenopus clones (pEg2 (Roghi et al., 1998) , accession no. Z17207 and p46A, Z17206, both sharing 60% identity with stu-7/air-2), one rat clone (AIM-1 (Terada et al., 1998) , D89731, 63% identity), one S. pombe clone (cosmid C320, accession no. AL022245, 62% identity) and an Arabidopsis BAC clone (F17K2, accession no. AC003680, 45% identity).
Given the genetic map proximity of stu-7/air-2 to the lethal (Let) mutants let-603 and let-514 shown in Fig. 3 , we tested to see if stu-7/air-2 is allelic with either of these. The trans-heterozygote stu-7/air-2 (e26311) /let-603(h289) was found to be sterile and to resemble a stu-7/ air-2 homozygote (data not shown). This indicates that e2631 and h289 are most likely to be mutations in the same gene. The let-603 (h289) mutant has been previously reported to be sterile and vulvaless, though not actually lethal (McDowall and Rose, 1997b) . The unusual morphology and Unc nature of the phenotype was not reported because let-603 was originally analysed in an unc-13 background (McDowall and Rose, 1997b) , which would effectively mask other phenotypes. After outcrossing h289 we have found that it has a thin and Unc phenotype similar to e2631, but slightly weaker. Partial rescue of let-603 (h289) with cosmid C32E7 had been previously reported (McDowall and Rose, 1997a) , suggesting that the physical location of let-603 and stu-7/air-2 are also similar.
To confirm this allelism, and the identity of stu-7/air-2 as an aurora homologue, we sequenced the aurora kinase gene in both e2631 and h289. The mutation in e2631 is a single base change G to A in the splice donor site at the end of exon 3, shown in Fig. 4B . This mutation is in an absolutely conserved splice donor nucleotide, not just in C. elegans (Blumenthal and Steward, 1997) but in every organism so far studied (Mount, 1982) , and is therefore a requirement for correct splicing. This mutation would lead to translational read-through into intron 3 where there is an opal stop codon in the first few nucleotides. The next potential splice donor site in the genomic sequence after this mutation, does not occur until after the stop codon shown in Fig. 4B , and would therefore not be expected to splice this stop codon out. The effect of this mutation would therefore be to terminate translation just after amino acid 83 in the ATP binding site, thereby abolishing the whole of the kinase domain. Thus, e2631 would be expected to be a null mutation. Further evidence that e2631 is a null mutation might be provided by analysing the phenotype of e2631 in trans to a deficiency. We have undertaken extensive genetic screens for deficiencies in this region without success (A.W and J.H) as have others (McDowall and Rose, 1997b) . It is possible that haplo-insufficiencies in this gene-cluster region preclude the ready isolation of deficiencies. The mutation in h289 introduces a premature opal stop codon with a G to A base substitution in exon 5 (amino acid 234) as shown in Fig.  4B . This would remove only the C-terminal portion of the catalytic domain and might account for the slightly weaker Unc phenotype evident in h289 mutants. However, we suggest that the majority of protein activity is probably eliminated because h289 mutants are completely sterile. The h289 allele is not suppressed by smg-2 (suppressor affecting message stability), which can sometimes stabilize transcripts with premature stop codons (Pulak and Anderson, 1993) .
Abolishing maternal in addition to zygotic stu-7/air-2 gene expression by RNA interference results in embryonic mitotic arrest during the first cell cycle
The lack of embryonic cell division defects evident in homozygous stu-7/air-2 mutants might be due to a maternal contribution of stu-7/air-2 from heterozygous mothers compensating during embryogenesis, as mentioned earlier. If stu-7/air-2 were essential for all cell divisions then one would expect removal of this maternal contribution to result in embryonic lethality. A convenient method for testing this in C. elegans is to perform RNA interference (RNAi) experiments in which double stranded (ds) RNA-mediated inhibition of gene expression is used to analyse null phenotypes, where both maternal and zygotic gene expression are abolished (Guo and Kemphues, 1995; Fire et al., 1998) .
When wild type mothers were injected with dsRNA corresponding to exons 5 and 6 of stu-7/air-2, 100% embryonic lethality was seen in eggs laid 4 h or more after injection of young adult mothers. The first few eggs laid immediately after injection gave rise to normal progeny, as gene expression is not immediately repressed following RNA injection and RNAi will not affect impermeable fertilized eggs already developing in the mother. Eggs laid 2-4 h after injection developed into sterile uncoordinated adults reminiscent of stu-7/air-2 mutants (data not shown), indicating that stu-7/air-2 gene expression begins to be repressed shortly after gonad injection, with the previously transcribed maternal RNA once again enabling embryonic development. Once the maternal reserve is used up, presumably 4 h or more following injection, embryonic lethality ensues.
The phenotype of these RNAi embryos is shown in Figs. 5 and 7. Fig. 5 shows a group of embryos dissected from a mother injected with stu-7/air-2 dsRNA 24 h previously. Single-celled embryos can predominantly be seen which are highly polyploid. Chromosome segregation is extremely abnormal as indicated by the DAPI-stained nuclei which are highly irregular in size and shape ( Fig. 5C-E ). Cytokinesis appears to be largely absent, although very occasionally a cleavage furrow will appear to pass through a nucleus.
In order to gain more of an insight into the nature of this phenotype we followed the development of live, single embryos from very early stages of development (pronuclear fusion) so that we would be able to see defects from the first cell cycle onwards. Wild type early embryonic development is shown in Fig. 6 for comparison. The phenotype of stu-7/ air-2 (RNAi) embryos is very reproducible between embryos (n = 10) and is shown in Fig. 7 . The sequence of photographs in Figs. 6 and 7 shows the first 25 min or so of embryonic development following pronuclear fusion, in which the first three cell cycles can be observed.
In stu-7/air-2 (RNAi) embryos (Fig. 7) , pronuclear fusion (Fig. 7A) , centrosome duplication and rotation (Fig. 7B,C ) and the nucleation of bipolar microtubule spindle asters (Fig. 7C,D ) all appear to proceed normally. The defect appears to lie in the process of chromosome segregation itself. Chromosomes begin to segregate but then arrest (Fig. 7E onwards) . The characteristic spherical centrosome normally associated with the AB nucleus and the disc shaped centrosome associated with P 1 can be seen (Fig.  7E) , suggesting normal centrosome morphology. At this point an abortive cleavage occurs. A cleavage furrow begins to invaginate towards the segregation-arrested nucleus but then pauses as it starts to come into contact with unsegregated chromosomes (Fig. 7D,E) . A couple of minutes later the cleavage furrow could be clearly seen to retreat and disappear (Fig. 7F,G) in all embryos studied, suggesting there may be some kind of physical checkpoint preventing a cleavage furrow from advancing through an undivided nucleus. The cell then attempts to proceed through a second cycle (Fig. 7H,I ). A second bipolar spindle is set up in the correct orientation for AB (Fig. 7I ), but again, chromosome segregation fails. At this point it becomes much more difficult to discern the precise sequence of events as the cell becomes polyploid and disorganized. Later, cleavage furrows sometimes persist and may cut through parts of the disorganized nucleus although others seem to advance and then retreat (Fig. 7J-L) . The chromosomes pass through several cycles of DNA replication but never segregate properly, resulting in polyploid nuclei . The end result is usually a single-celled embryo containing large amounts of DNA in several unequal nuclear fragments with little evidence of cytokinesis (Fig. 5) .
Overexpression of stu-7/air-2 in transgenic worms results in high levels of sterility and embryonic lethality caused by defects in mitosis
The stu-7/air-2 gene does not completely rescue the phenotype of stu-7/air-2 homozygous mutants when expressed from a transgenic array. Normal movement and morphology is restored in transgenic mutant strains, and hermaphrodites make and lay eggs (Fig. 3 ), but few of these eggs hatch and form fertile adults, making it difficult to propagate transgenic stu-7/air-2 strains.
The failure of the stu-7/air-2 transgene (when transformed either as a minimal genomic fragment or on a whole cosmid) to completely rescue the fertility of stu-7/ air-2 homozygotes when present as an extrachromosomal array has at least two potential explanations. Firstly, incomplete rescue could be caused by the failure of this transgene (Bischoff et al., 1998) , DDBJ/EMBL/GenBank accession no. AF008551, 64% kinase domain identity, Drosophila aurora (Glover et al., 1995) , accession no. X83465, 61% identity, S. cerevisiae ipl1 (Francisco et al., 1994) , accession no. U07163, 49% identity and the C. elegans gene K07C11.2 (air-1), accession no. U53336, 57% identity, are included in the alignment. Dark shaded residues represent identical amino acids, light shaded residues represent similar amino acids. Bold line, p34 cdc2 consensus phosphorylation site; shaded bar, ATP binding site; empty bar, enzyme active site. (B) Genomic structure of stu-7/air-2, as predicted by AceDB using GeneFinder software The mutations in e2631 (indicated by an asterisk in (A)) and h289 (indicated by a double asterisk) are indicated.
to be properly expressed in the germ-line due to silencing, a phenomenon which is often a problem in C. elegans when trying to rescue germ-line defective mutants. It has been reported that co-injection of transgenes with an excess of linear random genomic DNA fragments, resulting in a highly complex transgenic array, can alleviate germ-line silencing and ameliorate poor rescue of germ-line defective mutants (Kelly et al., 1997) . We tested to see if this protocol would improve stu-7/air-2 mutant rescue but found very little difference in the extent of rescue between transgenic lines carrying complex extrachromosomal arrays and those carrying only the stu-7/air-2 gene (data not shown).
A second explanation of the partial rescue could be that multicopy expression of stu-7/air-2 from an extrachromosomal array could itself cause sterility or embryonic lethality. We observed that there was indeed a high level of Nuclei are sometimes highly polyploid and single, as in (C), or appear to have gone through unequal chromosome segregation, producing nuclear fragments of unequal size and intensity, which are unevenly distributed throughout the embryo, as in (D) and (E). Bar, 10 mm. Fig. 6 . Early embryonic development of wild tyre C. elegans. These data are provided for comparison purposes only. Similar data have been published previously (Strome and Wood, 1983; O'Connell et al., 1998) . Anterior is to the left in all panels. (A) Oocyte and sperm pronuclei have met and are moving towards the centre of the cell (about 30 min after fertilization). (B) Pronuclear fusion is complete. Centrosomes have duplicated and separated and are now clearly visible (arrows). (C) The centrosome-pronucleus complex is undergoing a 90°rotation (arrows) which will eventually position the centrosomes on the anterior-posterior axis (Hyman, 1989) . (D) First mitosis (begins about 35 min after fertilization). The spindle originally forms at the centre of the cell but becomes displaced towards the posterior during anaphase. The first cleavage furrow subsequently divides the embryo into a larger anterior cell, AB, and a smaller posterior one, P1. The centrosomes are not visible in this focal plane but are spherical in AB and disc-shaped in P1 (E) Two-cell embryo. (F) Second mitosis. This begins about 10 min after completion of the first cleavage. The AB spindle forms perpendicular to the A-P axis (arrows), because of the pattern of centrosome movements (Hyman and White, 1987) . AB is undergoing chromosome segregation. (G) Second cleavage. A cleavage furrow is forming between the divided AB nuclei. P1 begins mitosis a few minutes later than AB along the A-P axis. P1 centrosomes can just be seen (arrows) forming the poles of the spindle along the A-P axis. (H) P1 has now undergone cleavage, producing EMS and P2 (about 60 min after fertilization). Bar, 10 mm. sterility and embryonic lethality in wild type animals carrying a stu-7/air-2 transgene. DAPI staining of embryos from transgenic mothers shows evidence of mitotic defects (Fig.  8B,C) . The penetrance of this phenotype was variable in different transgenic lines, causing embryonic lethality rates of between approximately 30% and 100%. Expression of inappropriate levels of stu-7/air-2 in the germ line would presumably cause mitotic and possibly also meiotic defects in germ line cells, accounting for the high level of sterility seen in stu-7/air-2 transgenic strains. Endogenous stu-7/air-2 promoter titration is an unlikely explanation for the phenotype caused by multicopy stu-7/air-2 expression as promoter-only constructs do not appear to affect the viability of transgenic worms.
We made transgenic strains carrying a GFP tagged version of stu-7/air-2 where GFP was inserted in-frame into the end of the last exon in order to see if there were any regional patterns in gene expression which might help explain the regional nature of the post-embryonic cell division failure phenotype. This construct gave the same degree of phenotypic rescue of stu-7/air-2 mutants as non-GFP versions, and also produced high levels of sterility and embryonic lethality in both wild type and mutant animals, as described above. We found GFP fluorescence of this construct to be faint but expression was seen throughout the animal, including in the germ line and vulva of developing larvae, showing no obvious regional variations (data not shown). Expression was more difficult to detect in adults. Fluorescence could be seen in embryos where it occasionally appeared to co-localize with chromosomes. This localization is consistent with the hypothesis that stu-7/air-2 is expressed in nuclei which are undergoing mitotic (and possibly also meiotic in the case of germ line expression) proliferation. It is possible that the toxic effects of high-level stu-7/air-2 expression mean that stu-7/air-2 tends to be down-regulated in transgenic worms, making GFP fluorescence more difficult to detect.
Discussion
In this report we have analysed the phenotype of a new sterile uncoordinated C. elegans mutant, stu-7/air-2. We have found that stu-7/air-2 mutant worms are defective in post-embryonic cell divisions in a regionally-specific fashion. The anterior of the worm is relatively normal whereas division failures in the mid-body and posterior of the animal give rise to a 'waisted' appearance or posterior tapering phenotype. stu-7/air-2 mutant hermaphrodites lack a vulva and are sterile because the development of the vulva, gonad and germ line require extensive post-embryonic cell divisions (Sulston and Horvitz, 1977) . Similarly, male stu-7/air-2 worms do not undergo post-embryonic tail development. Mutant worms are Unc because of the failure of postembryonic divisions in the ventral cord which are more severe towards the posterior of the animal.
The 'waisted' appearance, or posterior tapering evident in e2631 and h289 alleles, and the regional differences in the extent of ventral cord cell division failures, suggest that there may be regional differences in cell-cycle control mechanisms in C. elegans, at least at the post-embryonic level, and that stu-7/air-2 might specialize in regulating posterior development. Mutants with this kind of characteristic morphology have not been isolated before and raise interesting questions about how regional variations in cellcycle control mechanisms might arise during development. As there are no obvious lineage relationships between the development of anterior, middle and posterior body regions of C. elegans, we can exclude a simple lineage specific requirement for stu-7/air-2 as opposed to a regional requirement.
If the regional nature of the phenotype were due simply to the way maternal gene expression becomes limiting during post-embryonic development, then one might expect all C. elegans mutants defective in post-embryonic cell cycles to have a similar morphology, and this is clearly not the case. Other C. elegans Stu mutants tend to be uniformly thin and Unc throughout the length of the animal. Our experiments cannot exclude the possibility, however, that stu-7/air-2 maternal gene expression becomes limiting during embryonic development in a particularly unusual way.
One alternative explanation for the phenotype might be Embryo from a wild type strain which is carrying the 3.3 kb stu-7/air-2 genomic fragment as a multicopy extrachromosomal array. This embryo appears to have arrested early in development with defects in chromosome segregation. Nuclear fragments of varying size and intensity can be seen. (C) Embryo from a transgenic stu-7/air-2 mother at the 50-100-cell stage. A single, highly polyploid nucleus can be seen (arrowhead), as well as a range of other abnormal looking nuclei. Presumably the extent of the embryonic phenotype will depend on the copy number and expression level of stu-7/air-2 both maternally and zygotically.
that stu-7/air-2 is subject to regional variations in its activity. Our GFP data suggest, however, that stu-7/air-2 is expressed ubiquitously throughout the animal with no obvious regional differences. It is possible that there are regional variations in the expression of stu-7/air-2 regulators or targets.
The RNAi experiments described here, in which maternal as well as zygotic stu-7/air-2 gene expression is abolished, indicate that stu-7/air-2 is essential for chromosome segregation from the first embryonic cell cycle onwards, but does not appear to be required for centrosome duplication or separation, or for setting up a bipolar mitotic spindle.
Where functional data is available for the other members of this family, involvement in two major aspects of mitosis is implicated. Mutations in Drosophila aurora prevent centrosome separation leading to the formation of monopolar spindles (Glover et al., 1995) . Likewise, the Xenopus gene pEg2 appears to be involved in bipolar mitotic spindle assembly, at least in vitro, and localizes to the centrosome (Roghi et al., 1998) . The murine homologue IAK1 has also been shown to be centrosome-associated by immunofluorescence, although no mutants are as yet available (Gopalan et al., 1997; Shindo et al., 1998) . Recently, the other C. elegans aurora homologue, AIR-1, has also been shown to localize to centrosomes and to be required for certain aspects of centrosome function including setting up a proper bipolar mitotic spindle (Schumacher et al., 1998) .
In contrast, S. cerevisiae temperature sensitive ipl1 (increase in ploidy) mutants missegregate chromosomes severely at the restrictive temperature, even though they contain normal looking microtubule structures during mitosis (Francisco et al., 1994) . Human aurora2 can partially complement the defect in ipl1 mutants (Bischoff et al., 1998) , indicating that it may share a similar function in human cells and the murine ARK-2 gene localizes between segregating chromosomes at the midbody during anaphase (Shindo et al., 1998) , again suggesting a role in chromosome segregation rather than centrosome biology.
Two separate, but related, roles for aurora-related genes during mitosis are therefore emerging, and stu-7/air-2 appears to fall into the second category, essential for chromosome segregation. It is intriguing that most higher organisms studied (human, mouse, Xenopus, C. elegans) contain two aurora-like genes. We predict that a second aurora gene will be found in Drosophila as the sequencing project progresses. In contrast, only one gene (ipl1) is present in the complete S. cerevisiae genome sequence. Perhaps the more sophisticated cell-cycle control mechanisms demanded in the metazoa have necessitated the specialization of this kinase activity into two separate functions, each controlling and coordinating a distinct, but related, aspect of mitotic progression.
It should be noted, however, that there are exceptions to this pattern of metazoan aurora mitotic phenotypes. Studies with dominant negative forms of the rat homologue AIM-1 suggest a role in cleavage furrow formation (cytokinesis) but not in nuclear division (Terada et al., 1998) . This suggests that there may be additional roles for certain members of this family of serine/threonine kinases in cell-cycle progression, and perhaps more than two members in some species. It is also possible that stu-7/air-2 has additional roles in C. elegans development, given the unexplained long phenotype of mutant worms which has not been reported in the case of other Stu mutants.
As well as revealing an essential role for stu-7/air-2 in chromosome segregation, the RNAi experiments reported here also suggest the existence of a hitherto undescribed feedback control linking chromosome segregation and cytokinesis during embryonic cell-cycle progression. During the first embryonic cell cycle in RNAi embryos, in which chromosome segregation fails, a cleavage furrow begins to invaginate towards the undivided nucleus and then pauses and consistently retreats back towards the cell periphery. Later cleavage furrows were similarly observed to advance and then retreat. This suggests that the advancing cleavage furrow is somehow able to sense the state of the segregating nucleus and will not normally pass through undivided chromosomes.
This potential checkpoint control is obviously complex, as mutants which fail late in chromosome segregation such as abc-1 undergo cytokinesis normally (O'Connell et al., 1998) . Perhaps this checkpoint is no longer operational at later stages of chromosome segregation. Our experiments cannot exclude the possibility, however, that stu-7/air-2 may also be required for aspects of cytokinesis.
Potential targets of stu-7/air-2 kinase activity in mitosis would include motor proteins such as kinesin-related proteins, which are known to be important for chromosome segregation (reviewed in Walczak and Mitchison, 1996) and widely regulated by phosphorylation (Sawin and Mitchison, 1995; Blangy et al., 1995) . On the other hand, the Xenopus aurora homologue pEg2 has been shown to bind directly to microtubules in vitro (Roghi et al., 1998) , suggesting a potential direct role for aurora kinases in regulating microtubule dynamics during mitosis.
Protein kinases are themselves commonly regulated by phosphorylation. The highly conserved p34 cdc2 kinase is essential for the onset of mitosis (Nurse, 1990) and is known to be involved in regulating microtubule dynamics as well as other aspects of mitosis (Verde et al., 1990 (Verde et al., , 1992 Nigg, 1991) , although the molecular targets of p34 cdc2 kinase in mitosis are still not yet well defined (reviewed in Nigg, 1995) . An exact fit p34 cdc2 consensus phosphorylation site is present near the N terminus of stu-7/air-2 (Fig.  4) , raising the possibility that stu-7/air-2 is a direct substrate of p34 cdc2 . We find multicopy expression of stu-7/air-2 in C. elegans causes mitotic defects that result in high levels of embryonic lethality and reduced levels of fertility in stu-7/air-2 transgenic lines. aurora kinase expression is known to be tightly cell cycle regulated in mouse (Gopalan et al., 1997; Shindo et al., 1998) , human (Kimura et al., 1997; Bischoff et al., 1998) , rat (Terada et al., 1998) and Xenopus (Roghi et al., 1998) . Kinase activity peaks during mitosis and is absent from G1 cells, suggesting the need for tight control of kinase activity during cell-cycle progression. Our results suggest that the level of stu-7/air-2 expression in C. elegans also has to be tightly controlled in order to properly regulate progression through mitosis. It is intriguing that human aurora2 is amplified in certain human cancers and transforms rat fibroblasts when overexpressed (Bischoff et al., 1998) . Perhaps this is a result of aurora2 overexpression causing defects in chromosome segregation and subsequent genetic instability similar to the effects of multicopy stu-7/air-2.
The RNAi experiments discussed in this paper clearly illustrate the effectiveness of this technique in C. elegans for determining precise loss-of-function phenotypes of nonconditional sterile or lethal mutants. Embryonic phenotypes in these types of mutants are often masked by maternal gene expression from heterozygous mothers, even if the mutation is a complete null. Where multicopy transgenic expression causes embryonic lethality, as in the case of stu-7/air-2, and rescue is not complete, or where the gene is germ-lineessential, it would be otherwise impossible to determine by mosaic analysis the effect of loss of the transgene in homozygous mutants. Other genes which mutate to give Stu phenotypes may also turn out to be essential for embryonic cell-cycle progression when subjected to this kind of analysis. The isolation of stu-7/air-2 mutant alleles, on the other hand, has been invaluable in determining how stu-7/ air-2 may be involved in later development, and reveals post-embryonic aspects of the loss-of-function phenotype which would not be apparent in simple RNAi experiments.
The near completion of the sequencing project in C. elegans is now enabling a systematic approach to the study of whole gene families such as the aurora-like kinases. Forward genetic analysis in C. elegans, still the basis for the identification of informative phenotypes, can now be extended with the use of reverse genetic techniques such as RNAi. A complete understanding of the role of the aurora sub-family of serine/threonine kinases in controlling cell division will only come, however, from comparative studies of gene function in a wide variety of organisms, with the individual experimental strengths of each biological system contributing unique information.
Materials and methods
Strains and mapping
All C. elegans strains were derived from the wild type Bristol strain N2. Genetic manipulations including EMS mutagenesis and culturing of worms was performed as described (Sulston and Hodgkin, 1988) . Alleles used were as follows: stu-7/air-2 (e2631), dpy-5 (e61), unc-13 (e51), him-8 (e1489), let-603 (h289), let-514 (h753), lin-5 (e1348), smg-2 (e2008) . The h289 allele was outcrossed from the dpy-5 let-603 unc-13 sDp2 (I) parental strain (KR633, kind gift of Ann Rose, University of British Columbia, Canada) in the following steps: dpy-5 let-603 unc-13; sDp2 homozygous hermaphrodites were crossed with N2 males and F1 heterozygous males crossed with dpy-5 unc-13 hermaphrodites. Dpy non-Unc recombinant males resulting from this cross were then crossed with unc-13 hermaphrodites and wild type males (dpy-5 let-603 / unc-13) picked and crossed with dpy-5 unc-13 hermaphrodites. Wild type recombinant hermaphrodites resulting from this cross were then picked and tested for the genotype let-603/dpy-5 unc-13. stu-7/air-2 was mapped using standard techniques. In two-factor crosses 0/37 Dpy progeny from heterozygotes of genotype dpy-5/stu-7 segregated Dpy Stu animals, placing stu-7/air-2 close to dpy-5. Three-factor data were sought among the progeny of heterozygotes of genotype dpy-5 unc-13/stu-7. Four out of 16 Dpy non-Unc recombinants and two of two Unc non-Dpy recombinants picked up stu-7/air-2, giving the gene order dpy-5 (4/18) stu-7/air-2 (14/ 18) unc-13 and a genetic map position of 0.4 (I).
The phenotype of stu-7/air-2 animals was examined and photographed under Nomarski optics using a Zeiss Axiophot microscope and camera. Worms were mounted for microscopy on 5% agarose pads as described (Sulston and Hodgkin, 1988) .
DAPI staining
Worms were washed in buffer in a watch glass, then most of the buffer removed (leaving the worms in a drop of about 10 ml) and 200 m1 DAPI added (4′, 6-diamidino-2-phenylindole, 200 ng/ml in 100% ethanol). After the ethanol had evaporated (about 10 min) worms were rehydrated by adding l ml buffer and incubated for 10-20 min. A drop of mounting medium containing anti-fade (100 mg/ml paraphenylenediamine, 90% glycerol, 20 mM TrisHCl, pH 8) was placed on a clean coverslip and the stained worms were transferred into the drop and pushed onto the surface of the coverslip (method adapted from P. Kuwabara, personal communication). The coverslip was then picked up with a clean slide, edges sealed with nail varnish and specimens observed under fluorescence optics. Embryos were stained in essentially the same way. Eggs were dissected from gravid adults in buffer, stained as above, and then transferred to a slide using a mouth pipette. Excess buffer was removed and a drop of mounting medium on a coverslip placed on top before viewing.
Transformation rescue
Cosmids (prepared using a Qiagen Kit) in the stu-7/air-2 region were injected at concentrations of 2-20 ng/ml into young adult hermaphrodite gonads as described (Mello and Fire, 1995) . The plasmid pRF4 or pCes1943 (a derivative of RF4 containing both ampicillin and kanamycin cassettes, kind gift of Diana Janke, Simon Fraser University, Canada) was co-injected (50 ng/ml) with cosmids so that the dominant-roller (Rol) phenotype could be used as a transformation marker. Stable transgenic lines were picked from F1 animals that produced Rol progeny. Cosmids were either injected into dpy-5 stu-7/air-2/unc-13 heterozygotes and the dpy-5 stu-7/air-2 progeny from transgenic lines observed for rescue of the stu-7/air-2 phenotype, or transgenic lines were made in wild type strains and the stu-7/air-2 mutation crossed in to look for rescue. Once the rescuing cosmid (C32E7) was identified, the following sub-cloning steps were employed using standard molecular biological techniques (Sambrook et al., 1989 ) and the sequence information available on ACeDB (Eeckman and Durbin, 1995) . Firstly, the cosmid was cut into three pieces with SpeI and the largest clone (20 kb) found to rescue (pAW100). This fragment was then cut into pieces using SalI to produce a SalI-SpeI clone (l0 kb) and a BstXI-SalI clone (8.7 kb). The rescuing BstXI-SalI clone (pAW103) was then further subcloned using HindIII and the central 3.3 kb clone found to rescue (pAW106). Experiments in which excess carrier DNA was co-injected to try to improve germ line expression in a complex transgenic array were carried out using mixtures of PvuII cut N2 genomic DNA (l00 ng/ml), stu-7/air-2 HindIII fragment linearized with EcoRV (1-2ng/ml) and pCes1943 linearized with NruI (1-2ng/ml) as described (Kelly et al., 1997) . All subclones were made in pBluescript II (BSKS plus , Stratagene). The single ORF on the rescuing plasmid was subjected to database searching using all available databases and BLAST software. Sequence alignments were made using the ClustalX programme.
Mutant allele sequencing
A 1.9 kb genomic fragment was amplified from wild type, h289 and e2631 single worms by PCR using the high fidelity Pfu DNA Polymerase (Stratagene). Single worm PCR was performed as described (Williams, 1995) . Primers used were 5′CTTAATTTTCTACGGATT-GTTTTGATAGE (forward) and 5′GACGATTGGGAA-TAATAGAGTTCGCG (reverse). Sequencing of PCR products (both strands) was done at Oswell DNA (Southampton). The wild type sequence was found to be identical to the sequence for gene B0207.4 submitted to the DDBJ/EMBL/ GenBank database by the C. elegans sequencing consortium (accession no. U97196).
RNA interference
PCR primers were designed for stu-7/air-2 which added a T7 RNA polymerase promoter at the 5′ end of exon 5 and a T3 RNA polymerase promoter towards the 3′ end of exon 6 in order to amplify a 500 bp fragment of mainly exon sequence, which did not share significant homology at the nucleotide level with other C. elegans genes (forward primer ATTAACCCTCACTAAAGGCGCCAAACAATG-TGCGGAAC, reverse primer AATACGACTCACTATA-GATCTTTTGCTGCTTCTCAGC). RNA was then synthesized directly from gel purified PCR product essentially as described (Fire et al., 1998 ) using 100-200 ng template DNA and Promega enzymes. Template DNA was not digested with DNaseI prior to mixing sense and antisense RNAs together. Double stranded RNA was then purified by phenol/chloroform extraction, ethanol precipitated, resuspended in 10 ml TE and injected into young N2 adult hermaphrodite gonads undiluted (usually approximately 1 mg/ ml RNA) as described (Mello and Fire, 1995) . Injected worms were transferred to fresh plates at 2, 4 and 6 h following injection and thereafter every 10-14 h for a couple of days.
Examination of early embryos
Worms which had been injected with dsRNA 12-24 h previously (or similar aged N2 animals for wild type controls) were transferred to a watch glass containing M9. Young embryos were dissected from gravid mothers by cutting the worm open with a scalpel blade and transferred to a polylysine coated coverslip in a small drop of M9 by mouth pipette using a drawn-out glass capillary. The coverslip was then picked up gently with a slide, onto which had been cast a 2% agarose pad (Sulston and Hodgkin, 1988) and excess moisture removed from around the edges of the coverslip. Embryos were then examined by Nomarski microscopy at 20°C using a Zeiss Axiophot microscope. The first 2-3 cell cycles after pronuclear fusion were observed over a time period of approximately 25 min and photographs taken every few minutes as appropriate. Later embryos were examined where necessary.
GFP fusion
A GFP reporter was excised from plasmid pPD119.16 (kindly supplied in the Fire Lab. vector kit, Carnegie Institute of Washington, Baltimore) and inserted in-frame into the BamHI site of stu-7/air-2 which resides near the end of the last exon (the 3.3 kb HindIII stu-7 genomic fragment was subcloned into pSP70 (Promega) for this purpose, which lacks a BamHI site in the polylinker), to produce a stu-7/air-2 GFP fusion (pAW113). This GFP fusion was then injected into worms along with pRF4 and N2 genomic carrier DNA as described above, and transgenic Rol lines examined for GFP expression under suitable fluorescence optics.
